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Abstract  
Analytic f i t s ,  obtained by t h e  method of l i n e a r  least squares ,  t o  t h e  
intranuclear-cascade da ta  generated by H. W. B e r t i n i  are given. For 750-, 
1000-, and 2000-MeV protons incident  on oxygen, aiuminum, and lead, mid fo r  
1000-MeV neutrons inc ident  on these  same elements, ana ly t i c  expressions are 
Jg iven  f o r  
t 
I l l  
3 + 0 1. t h e  cascade neutron-, proton-,  IT -, IT -, and .rr--emission spec t r a  
i n  the  laboratory angular i n t e r v a l s  0-30’ , 30-60°, 60-9o0, 90-180°, 
and 0-180°, and 
2. t h e  evaporation neutron- and proton-emission spec t r a .  
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completeness, or usefulness of the information contained in t h i s  report, or that the use of 
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I. INTRODUCTION 
Using an  intranuclear-cascade model, H.  W. B e r t i x ~ i l - ~  has generated a 
l a r g e  amount of data on t h e  nonelas t ic  c ross  sec t ion  and t h e  energy and 
angular d i s t r i b u t i o n  of emit ted neutrons and protons when neutrons and pro- 
tons  i n  t h e  energy range 25 t o  400 MeV a r e  inc ident  on a v a r i e t y  of t a r g e t s .  
I n  a previous r epor t ,  h e r e i n a f t e r  r e f e r r e d  t o  as 6,  an a n a l y t i c  representa-  
t i o n  of t h e s e  data, obtained by f i t t i n g  t h e  Monte Carlo r e s u l t s  using t h e  
method of  l i n e a r  l e a s t  squares ,  w a s  presented.  Recently H .  W .  B e r t i n i  ex- 
tended h i s  ca l cu la t ions  t o  2000 MeV and published some prel iminary r e s u l t s .  7 
I n  t h i s  paper ,  t h e  f i t t i n g  procedure used i n  6 i s  appl ied  t o  t h e  new d a t a ,  
and a n a l y t i c  expressions a r e  given f o r  t h e  par t ic le-emission spec t r a .  The 
f i t s  obtained are an adequate representa t ion  of t h e  Monte Carlo data f o r  
many purposes,  b u t ,  because t h e  energy range t o  be covered i s  l a r g e r  than  
i n  6 ,  they a r e  not a l w a y s  as r e l i a b l e  as those  given i n  6. For protons of 
energy 750, 1000, and 2000 MeV inc ident  on oxygen, aluminum, and lead, and 
f o r  neutrons of energy 1000 MeV inc ident  on oxygen, aluminum, and lead, 
ana ly t i c  expressions a r e  given f o r  
+ 0 1. t h e  cascade neutron-, proton,  IT -, TI -, and .rr--emission s p e c t r a  i n  
t h e  laboratory angular i n t e r v a l s  0-30°, 30-60°, 60-90°, 90-180°, 
and 0-180°, and 
2. t h e  evaporation neutron- and proton-emission spec t r a .  
Because t h e  t o t a l  nonelas t ic  c ross  sec t ion  i s  slowly varying and because 
. 
* 
J 
of t h e  small number of data p o i n t s ,  an expression f o r  t h i s  c ros s  sec t ion  
i s  not given. 
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11. DESCRIPTION OF TABLES AND DISCUSSION OF FIGURES 
The f i t t i n g  procedure used i s  t h e  sane as t h a t  described i n  6 i n  
every d e t a i l ,  so it w i l l  not be discussed here.  The energy d i s t r i b u t i o n  
i n  a spec i f i ed  angular i n t e r v a l  of each type  of emit ted cascade p a r t i c l e  
i s  given i n  t h e  form 
where E 
coe f f i c i en t s  obtained by t h e  method of l i n e a r  least squares.  The coef f i -  
i s  t h e  energy of t h e  inc ident  p a r t i c l e  and t h e  A 's a r e  t h e  
0 J 
c i e n t s  depend, of course,  on the  energy and type of inc ident  p a r t i c l e ,  
t h e  t a r g e t  nucleus,  and t h e  type of emitted p a r t i c l e .  
The c o e f f i c i e n t s  t o  be used i n  Eq. 1 f o r  a l l  t h e  cases considered 
here  are given i n  Tables 1-36." The coe f f i c i en t s  f o r  t h e  f i v e  types 
of emitted cascade p a r t i c l e s  fo r  a given type and energy of incident  
p a r t i c l e  and a given nucleus a re  contained i n  t h r e e  t a b l e s .  A t  t h e  top  
of each t a b l e ,  t h e  type of incident p a r t i c l e  and nucleus i s  given. Above 
each group of c o e f f i c i e n t s ,  t h e  type of emitted p a r t i c l e  i s  spec i f ied .  
The f irst  column i n  t h e  t ab le s  gives  t h e  incident  energy, t h e  second 
column gives  t h e  angular i n t e r v a l ,  and columns 3 through 8 contain t h e  
coe f f i c i en t s .  When these  coe f f i c i en t s  a r e  used i n  Eq. 1 t h e  d is t r ibu-  
t i o n s  have t h e  u n i t s ,  number p e r  MeV per  s t e rad ian  per  i n t e rac t ion ,  i f  
t h e  angular i n t e r v a l  i s  0-30°, 30-60', 6 0 - 9 0 ~ ~  o r  90-180' and number per  
MeV per  i n t e r a c t i o n  if t h e  angular i n t e r v a l  i s  0-180~. That i s ,  when 
* 
For convenience, a l l  t a b l e s  and f igu res  a r e  co l l ec t ed  i n  t h e  appendices 
a t  t h e  end of t h e  repor t .  
6 
t h e  angular i n t e rva l  0-180° is  used, t h e  d i s t r i b u t i o n  has been in t eg ra t ed  
over a l l  s o l i d  angles .  
spec i f i ed ,  and, i n  t h e  last  column i n  t h e  t a b l e s ,  E 
given. 
Be r t in i  and represents  t h e  energy below which no cascade p a r t i c l e s  are 
A t  t h e  top  of each s e t  of c o e f f i c i e n t s ,  Emin i s  
divided by Eo i s  
max 
This Emin i s  a parameter t h a t  occurs i n  t h e  ca l cu la t ions  of 
emitted.  
t h e  f i t s .  
and it must be understood t h a t ,  i f  they a r e  used outs ide  of t h i s  range, 
The quant i ty  Emax i s  t h e  highest  energy considered i n  doing 
The f i t s  a r e  t o  be used only i n  t h e  energy range Emin t o  Emax, 
very e r r a t i c  behavior may occur. Columns 9 and 10 give t h e  number of 
p a r t i c l e s  of a given type emitted i n  a given angular interval  and t h e  
energy of these p a r t i c l e s  divided by E . The values  i n  t hese  columns a r e  
obtained from t h e  equations : 
0 
J 
E 
NO. of &ittea P a r t i c l e s  = ~ T T [ C O S ~ ~ - C O S ~ ~ ]  F(E)dE , 
Energy of Emitted P a r t i c l e s /  = ~ I T [ C O S ~ ~ - C O S ~ ~ ]  
0 Emin 
EO E 
when t h e  8 i n t e rva l s  0-30°, 30-60°, 60-goo, and 90-180° a r e  used,  and 
E max 
No. of Ehitted P a r t i c l e s  = F(E)dE , 
Emin 
Energy of Fhitted P a r t i c l e s / E  = 1 1  E F ( E ) ~ E  
E 
0 Emin 0 
( 4 )  
( 5 )  
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when t h e  8 i n t e r v a l  0 t o  180° is used. 
The energy d i s t r i b u t i o n s  fo r  t h e  emit ted evaporation p a r t i c l e s  are 
given i n  t h e  form 
The coe f f i c i en t s  f o r  a l l  of the cases  considered are given i n  Tables 37-39. 
When t h e  c o e f f i c i e n t s  given i n  t h e  t a b l e s  are used i n  Eq. 6,  t h e  r e s u l t i n g  
energy d i s t r i b u t i o n s  have t h e  u n i t s ,  number per  MeV per i n t e rac t ion .  The 
q u a n t i t i e s  E and Emax are again t h e  energy l i m i t s ,  ou ts ide  of which 
t h e  f i t s  are not t o  be used, and columns 8 and 9 are obtained from t h e  
equat ions : 
min 
E 
No. of Bni t ted P a r t i c l e s  = fmx G(E)dE , 
Emin 
Energy of Emitted Pa r t i c l e s /E  - EG(E)dE . 
I 1 
0 Eo .lJ u min 
I n  Some cases i n  t h e  t a b l e s ,  a l l  of t h e  coe f f i c i en t s  are shown t o  be 
zero.  When t h i s  O C C U I " ~ ,  it means t h a t  so few p a r t i c l e s  were emitted t h a t  
t h e  Monte Carlo r e s u l t s  were not considered t o  be s t a t i s t i c a l l y  s i g n i f i -  
cant and no attempt was made t o  ob ta in  a f i t .  I n  those cases  where f i t s  
a r e  not given, t h e  number of emitted p a r t i c l e s  obtained i n  t h e  Monte 
Carlo ca l cu la t ions  i s  shown i n  column 8 f o r  comparison purposes. 
Comparisons between t h e  Monte Carlo data and t h e  ana ly t i c  f i t s  a r e  
A l l .  of the comparisons i n  t h e  f igu res  a r e  f o r  the  given i n  Figs .  1-17. 
8 
case of 2000-MeV protons inc ident  on aluminum. I n  Figs.  1-3, t h e  cascade 
neutron-emission spec t r a  i n  t h e  angular i n t e r v a l s  0-30°, 30-60°, and 0-180°, 
r e spec t ive ly ,  are shown. 
t h e  o the r  emitted cascade p a r t i c l e s .  
s p e c t r a  a r e  shown i n  Figs.  16 and 17. 
I n  Figs .  4-15, similar r e s u l t s  are given f o r  
The evaporation neutron and proton 
I n  some cases,  t h e  a n a l y t i c  f i t  is  a very good r ep resen ta t ion  of t h e  
Monte Carlo data ,  but  t h i s  i s  by no means always t h e  case.  
regard ,  Fig.  3 should be p a r t i c u l a r l y  noted s ince  it i s  an  example of 
one of t h e  poorer f i t s  t o  t h e  data. 
as i n  6 ,  t h e  der iva t ive  of t h e  f i t t e d  curve w a s  t e s t e d  for changes i n  
s ign ,  and i f  more than two s ign  changes occurred t h e  f i t  w a s  assumed t o  
contain nonphysical o s c i l l a t i o n s ,  and a f i t  with a smaller number of  
parameters,  i . e . ,  with a smaller value of v, w a s  attempted. 
cedure w a s  continued u n t i l  v = 2 was reached and t h e  f i t  wi th  V = 2 w a s  
accepted without fb the r  t e s t i n g .  
of f i t  which r e s u l t s  when t h i s  procedure u l t ima te ly  leads  t o  a three-  
parameter f i t .  I n  those  places  i n  t h e  t a b l e s  where only t h r e e  non- 
zero coe f f i c i en t s  are given, t he  f i t s  must be considered t o  be very 
approximate. Of course,  even when more than  t h r e e  parameters a r e  given,  
t h e r e  i s  no assurance t h a t  t h e  f i t  i s  a good r ep resen ta t ion  of t h e  Monte 
Carlo data. 
r epor t  w i l l  be u s e f u l ,  but  it must be understood t h a t  f o r  some purposes 
they may not be adequate. 
I n  t h i s  
I n  t h e  f i t t i n g  procedure used he re ,  
This pro- 
Figure 3 gives an example of t h e  kind 
It i s  hoped t h a t  t h e  a n a l y t i c  expressions given i n  t h i s  
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Appendix I.  GRAPHS OF PARTICLE SPECTRA FROM 2000-MeV PROTONS ON ALUMINUM 
Fig.  1. 
Fig.  2. 
Fig. 3. 
Fig.  4. 
Fig. 5. 
Fig.  6. 
Fig.  7 .  
Fig. 8. 
Fig.  9. 
Fig.  10. 
Fig.  11. 
Fig. 12. 
Cascade Neutrons 0-30' Angular I n t e r v a l .  
Cascade Neutrons 30-60' Angular In t e rva l .  
Cascade Neutrons 0-180' Angular I n t e r v a l .  
Cascade Protons 0-30' Angular I n t e r v a l .  
Cascade Protons 30-60' Angular I n t e r v a l .  
Cascade Protons 0-180' Angular I n t e r v a l .  
P o s i t i v e l y  Charged Pions 0-30' Angular I n t e r v a l .  
Pos i t i ve ly  Charged Pions 30-60' Angular I n t e r v a l .  
Pos i t i ve ly  Charged Pions 0-180' Angular I n t e r v a l .  
Neutral  Pions 0-30' Angular I n t e r v a l .  
Neutral  Pions 30-60' Angular I n t e r v a l .  
Neutral  Pions 0-180° Angular I n t e r v a l .  
Fig.  13. 
Fig. 1 4 .  
Fig.  15. 
Fig. 16. Evaporation Neutrons. 
Fig.  17. Evaporation Protons.  
Negatively Charged Pions 0-30' Angular I n t e r v a l .  
Negatively Charged Pions 30-60' Angular I n t e r v a l  . 
Negatively Charged Pions 0-180' Angular I n t e r v a l .  
J 
11 
N u =  3 E M V .  1 
0 
12 
J 
L 
N u =  3 E (r(EV. 1 
13 
N u =  2 E [tlEV. I 
14 
. 
D 
V' 
. 
16 
N U =  5 E (HEV. I 
18 
N U =  U E M V .  1 
20 
2 1  
N U =  5 E (HEV. I 
22 
Fig. 12 PIZERO FROM 2000.0 MEV. PROTON ON AL ORNL-DWG 6 e - 7 e ~  
J 
23 
Y 
0 
24 
25 
Fig .  1 5  P l M I N  FROM 2000.0 MEV. PROTON ON AL O m - D a  68-7840 
NU = 3 E (MEV. 1 
26 
Fig. 16 EVRPORATION NEUTRN FROM 2000.0 MEV. PROTON ON AL ORAL-rm 68-~WII  
NU = II E IHEV. I 
J 
0 
27 
*o-zl= 5 
17 EVAPORATTON PROTON FROM 2000.0 MEV. PROTON ON AL 
7- 
NU U 
0 
E (MEV. I 
f 
+ 
5 15.0 1 5 ' 0 22.5 .o 
28 
Appendix 11. TABLES OF COEFFICIENTS FOR EMITTED CASCADEPARTICLE SPECTRA 
Tables 1- 3. 750-MeV Protons on Oxygen. 
Tables 4- 6. 1000-MeV Protons on Oxygen. 
Tables 7- 9 .  2000-MeV Protons on Oxygen. 
Tables 10-12. 750-MeV Protons on Aluminum. 
Tables 13-15. 1000-MeV Protons on Aluminum. 
Tables 16-18. 2000-MeV Protons on Aluminum. 
Tables 19-21. 750-MeV Protons on Lead. 
Tables 22-24. 1000-MeV Protons on Lead. 
Tables 25-27. 2000-MeV Protons on Lead. 
Tables 28-30. 1000-MeV Neutrons on Oxygen. 
Tables 31-33. 1000-MeV Neutrons on Aluminum. 
Tables 34-36. 1000-MeV Neutrons on Lead. 
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Appendix 111. TABLES OF COEFFICIENTS FOR EVAPORATION-PARTICLE SFECTRA 
Tables 37-39. A l l  cases for  which cascade-particle spec t ra  are given. 
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